Background: NO is involved in the induction of mitochondrial biogenesis. Results: Mitochondrial biogenesis is induced only when neuronal NO synthase (nNOS) is recruited to nuclei, an event that is mediated by ␣-Syntrophin. Conclusion: Nuclear NO production is crucial for the induction of mitochondrial biogenesis. Significance: Impairment of nuclear nNOS localization could be the cause of myopathies associated with mitochondrial dysfunction. . 3 The abbreviations used are: NOS, nitric-oxide synthase; CREB, cAMP response element-binding protein; GSNO, S-nitrosoglutathione; L-NAME, L-N G -nitroarginine methyl ester; MtCO1, cytochrome c oxidase subunit I; mtDNA, mitochondrial DNA; nNOS, neuronal nitric-oxide synthase; ODQ, sGC inhibitor 1H-[1,2,4]oxadiazolo [4,3-a]quinoxalin-1-one; PGC, peroxisome proliferator-activated receptor ␥ co-activator; RPL, ribosomal protein large subunit; sGC, soluble guanylate cyclase; TFAM, mitochondrial transcription factor A; fl-nNOS, full-length nNOS; qPCR, quantitative PCR; NLB, nucleus lysis buffer.
Neuronal nitric-oxide synthase (nNOS) has various splicing variants and different subcellular localizations. nNOS can be found also in the nucleus; however, its exact role in this compartment is still not completely defined. In this report, we demonstrate that the PDZ domain allows the recruitment of nNOS to nuclei, thus favoring local NO production, nuclear protein S-nitrosylation, and induction of mitochondrial biogenesis. In particular, overexpression of PDZ-containing nNOS (nNOS␣) increases S-nitrosylated CREB with consequent augmented binding on cAMP response element consensus sequence on peroxisome proliferator-activated receptor ␥ co-activator (PGC)-1␣ promoter. The resulting PGC-1␣ induction is accompanied by the expression of mitochondrial genes (e.g., TFAM, MtCO1) and increased mitochondrial mass. Importantly, full active nNOS lacking PDZ domain (nNOS␤) does not localize in nuclei and fails in inducing the expression of PGC-1␣. Moreover, we substantiate that the mitochondrial biogenesis normally accompanying myogenesis is associated with nuclear translocation of nNOS. We demonstrate that ␣-Syntrophin, which resides in nuclei of myocytes, functions as the upstream mediator of nuclear nNOS translocation and nNOS-dependent mitochondrial biogenesis. Overall, our results indicate that altered nNOS splicing and nuclear localization could be contributing factors in human muscular diseases associated with mitochondrial impairment.
Nitric oxide is a lipophilic and diffusible gaseous radical molecule, which is physiologically produced by a class of enzymes called NO synthases (NOSs). 3 NO has been implicated as signaling molecule in a plethora of processes such as vasodilatation, neurotransmission, and immune response (1, 2) . Due to its chemical nature, NO is highly reactive and is generally synthesized on demand by NOSs in precise subcellular compartments (3) . In particular, the principal mechanism by which the specificity of NO signaling is conferred is the differential targeting of NOSs enzymes with close apposition to effector protein targets, thus facilitating local NO signaling (4, 5) . One example is represented by the plasma membrane anchoring of neuronal NOS (nNOS) through specific interaction with scaffold proteins including PSD-95 in neuronal cells and ␣-Syntrophin in myocytes, which assures the coupling of nNOS activity to calcium influx during glutamatergic transmission and skeletal muscle contraction, respectively (6, 7) .
The regulatory mechanisms controlling the expression, localization, and activity of nNOS are very complex and multifactorial. In addition to protein-protein interactions (e.g., with Hsp90, PIN, Ca 2ϩ -calmodulin) and post-translational covalent modifications (e.g., S-nitrosylation, phosphorylation), alternate mRNA splicing is also included (4, 8 -11) . nNOS is transcribed from the nos1 gene in at least four splicing variants that are mainly expressed in neurons and skeletal muscle cells: (i) nNOS␣ or full-length nNOS (fl-nNOS) that is predominantly found in neuronal cells and contains the N-terminal PDZ domain, which allows the interaction with cell membrane proteins (6, 12) ; (ii) cytosolic nNOS␤ that lacks the PDZ domain (⌬nNOS) and maintains full NO synthetizing activity (13, 14) ; (iii) nNOS␥ that lacks both PDZ and oxygenase domain and therefore has limited capacity to produce NO (11, 14) ; and (iv) nNOS that is expressed in skeletal muscle and contains an additional internal sequence with respect to nNOS␣ (15, 16) .
NO is also involved in different signaling pathways in mitochondria, including respiration, apoptosis, and more recently mitochondrial biogenesis (17, 18) , having the capacity to influence the activity and the expression of its crucial regulator peroxisome proliferator activated receptor ␥ co-activator 1␣ (PGC-1␣) (19) . Mitochondrial biogenesis is an intricate process consisting in the growth and division of pre-existing mitochondria that requires the replication of the mtDNA and the synthesis and import of proteins and lipids to the existing mitochondria (20) . Mitochondrial biogenesis is substantially driven by the nuclear genome. Upon conditions that cause cell energetic stress (i.e., physical exercise, cold, fasting), PGC-1␣ is induced and impinges the co-activation of transcription factors regulating the expression of mitochondrial proteins including those controlling replication and transcription of mtDNA as well as oxidative phosphorylation genes (21) . Notably, NO can either stimulate PGC-1␣ phosphoactivation by AMPK or increase its expression via CREB-dependent transcription (19, 22, 23) . The modulation of mitochondrial respiratory chain is another way by which NO impacts on mitochondrial function. The main site of inhibition is at complex IV, because NO reacts with heme iron competing with oxygen (24) . NO can also inhibit the electron transport chain at complex I and III reacting with ironsulfur clusters (24) .
Several human diseases including neurodegenerative disorders and myopathies are characterized by substantial alteration of mitochondrial content and function (20, 22, 25) . To date, different therapeutic approaches have been suggested with the aim of implementing mitochondrial content to compensate mitochondrial dysfunction and to increase energy supply. Increased nNOS activity and expression were observed in myocytes undergoing mitochondrial proliferation, suggesting the direct involvement of such an enzyme in mitochondrial biogenesis (26) . Similarly, several studies suggest that NO-donating drugs, NO precursors, or analogs are effective in restoring mitochondrial homeostasis via the induction of mitochondrial biogenesis and could be promising to treat patients with neurodegenerative diseases or myopathies (27) (28) (29) . Although the induction of mitochondrial biogenesis by NO has been definitively demonstrated in different cell lines and tissues, in myocytes and neuronal cells (18, 30) , it remains unclear whether NO involved in mitochondrial biogenesis originates from a specific nNOS isoform.
nNOS␤ is abundantly expressed both in neuronal cells and myocytes and has generally a cytosolic localization (31) . Although both nNOS␣ and nNOS are found associated with plasma membrane through their PDZ domain, they can be present also in a plasma membrane unbound form (6, (32) (33) (34) . However, the exact function of cytoplasmic nNOS␣ and nNOS as well as nNOS␤ remains still unclear. We previously demonstrated that the PDZ domain of nNOS is fundamental to recruit nNOS to the nucleus, allowing the interaction with Sp1 with consequent inhibition of its transcriptional activity on sod1 gene promoter (13) . Thus, this finding gives fresh insight into how modulation of gene transcription may be achieved by nNOS redistribution to nucleus. The aim of this study was at analyzing the impact of nNOS␣ and nNOS␤ on mitochondrial function. Our findings demonstrate that only nNOS␣ is able to induce PGC-1␣ and its downstream oxidative phosphorylation genes, implying that generation of NO in the nucleus is a mandatory event for the onset of the mitochondrial biogenesis pathway.
EXPERIMENTAL PROCEDURES
Materials-Protease inhibitor mixture, monoclonal anti-␤tubulin, ascorbate, S-nitrosoglutathione (GSNO), Triton X-100, soluble guanylate cyclase (sGC) inhibitor 1H- [1, 2, 4] oxadiazolo [4,3-a] quinoxalin-1-one (ODQ), protein A/G-agarose, salmon sperm, and primers for RT-qPCR were from Sigma-Aldrich. Polyclonal and monoclonal anti-Sp1, anti-nNOS (N terminus), anti-TFAM, anti-PGC-1␣, anti-LDH, anti-CREB, and anti-Syntrophin were from Santa Cruz Biotechnology (Santa Cruz, CA). IgG (H ϩ L)-HRP conjugate antimouse and anti-rabbit secondary antibodies were from Bio-Rad. L-N G -Nitroarginine methyl ester (L-NAME), and sGC inhibitor LY83583 were from Merck. Mouse monoclonal anti-nNOS (C terminus) was from Transduction Laboratories (Lexington, KY). MitoTracker Red was from Invitrogen. Nylon membrane was from Amersham Biosciences. ChemiGlow chemiluminescence substrate was from Alpha Innotech Corporation (San Leandro, CA). Streptavidin HRP-conjugated was from Calbiochem-Novabiochem Corporation (La Jolla, CA). All other chemicals were obtained from Merck.
Cell Culture and Treatments-The murine skeletal muscle C2C12 cells and human HeLa cervix carcinoma cells were obtained from the European Collection of Cell Cultures (Salisbury, UK). C2C12 myoblasts and HeLa cells were cultured in growth medium composed of DMEM supplemented with 10% fetal bovine serum, 100 units/ml penicillin/streptomycin, and 2 mM glutamine (Lonza Sales, Basel, Switzerland) and maintained at 37°C in an atmosphere of 5% CO 2 in air. Prior differentiation, C2C12 cells were plated at 80% of confluence and cultured in growth medium for 24 h. To induce differentiation, C2C12 cells were washed in PBS, and growth medium was replaced with differentiation medium, which contains 2% heatinactivated horse serum and antibiotics. L-NAME, LY83583, and ODQ were used at concentrations of 100, 2, and 10 M, respectively.
Transfections-Twenty-four hours after plating, 80% confluent cells were trypsinized and transfected by electroporation with pcDNA3.1 empty vector (Life Technologies) or pcDNA3.1 vector containing cDNA coding for full-length rat nNOS (nNOS␣, fl-nNOS) or rat nNOS lacking the PDZ domain (nNOS␤, ⌬nNOS) (13) . Cells were used 24 h after transfection, because this time was sufficient to significantly increase the expression and the activity of nNOS (13) . Transfection efficiency was estimated by co-transfecting nNOS cDNA containing vector with p-Tracer GFP vector (Lonza Sales) and by analyzing GFP fluorescence by microscopy.
C2C12 cells were transfected with a siRNA duplex directed against the mouse ␣-Syntrophin (syntϪ) and PGC-1␣ (PGC-1␣Ϫ) target sequences (SASI_Mm02_00315675;SASI_Mm01_ 00157757). Transfection with a scramble siRNA duplex (scr), with no homology to other mouse mRNAs, was used as control.
Cells were transfected by electroporation as described previously (13) , and transfection efficiency was evaluated by co-transfecting siRNAs with nonspecific rhodamine-conjugated oligonucleotides. Only experiments that gave transfection efficiency Ͼ80% were considered.
Measurement of NOx-Nitrites and nitrates (NO x ) released in culture medium were measured by the Griess reaction as described previously (35) . Briefly, after nitrate reduction, the concentration of nitrites was determined by a standard curve obtained with a known amount of sodium nitrite and expressed as mol/mg protein.
Isolation of Nuclei-Cell pellets were resuspended in nucleus lysis buffer (NLB) containing 50 mM Tris-HCl, pH 8.1, 10 mM EDTA, 1% SDS, 10 mM sodium butyrate, protease inhibitors and incubated 1 h at 4°C. Nuclei were collected by centrifugation at 600 ϫ g for 5 min at 4°C, and pellets were resuspended in 1 ml of NLB. Subsequently, nuclei were purified on NLB containing 30% sucrose (w/v) and centrifuged at 700 ϫ g for 10 min. The pellets were resuspended in NLB to remove nuclear debris and finally used for Western blot, oligonucleotide pulldown, or ChIP assays.
Western Blot Analysis-Cell pellets were resuspended in radioimmunoprecipitation buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 12 mM deoxycholic acid, 0.5% Nonidet P-40, and protease inhibitors) or in lysis buffer (10 mM Tris-HCl, pH 7.4, 5 mM EDTA, 50 mM NaCl, 0.5% Igepal CA-630, and protease inhibitors). Protein samples were used for SDS-PAGE followed by Western blotting. Nitrocellulose membrane were stained with primary antibodies against ␤-tubulin (1:1,000), PGC-1␣ (1:500), TFAM (1:1,000), CREB (1:500), LDH (1:5,000), ␣-Syntrophin (1:500), and Sp1 (1:500). To detect nNOS␣ and nNOS␤ contemporaneously, we probed nitrocellulose membrane with nNOS antibody directed against its C-terminal region (1:500). To detect nNOS during myocyte differentiation, we used nNOS antibody directed against its N-terminal region (1:500). Afterward, the membranes were incubated with the appropriate HRP conjugate secondary antibody, and immunoreactive bands were detected by a Fluorchem imaging system upon staining with ChemiGlow chemiluminescence substrate. Immunoblots reported in the figures are representative of at least four experiments that gave similar results. ␤-Tubulin or Sp1 were used as loading control of total and nuclear extracts, respectively. To exclude the cytoplasm contaminants, the nitrocellulose was probed with LDH antibody.
Determination of Protein Oxidation-Carbonylated proteins were detected using the Oxyblot TM protein oxidation detection kit (Millipore-Merck) as described previously (36) . Briefly, 20 g of proteins were reacted with 2,4-dinitrophenylhydrazine for 15 min at 25°C. Samples were resolved on 12% SDS-polyacrylamide gels, and 2,4-dinitrophenylhydrazine-derivatized proteins were identified by immunoblot using an anti-2,4-dinitrophenylhydrazine antibody.
RT-qPCR Analysis-Total RNA was extracted using TRI reagent (Sigma-Aldrich). Three g of RNA was used for retrotranscription with M-MLV (Promega, Madison, WI). qPCR was performed in triplicates by using validated qPCR primers (BLAST), Ex TAq qPCR Premix, and the real time PCR Light-Cycler II (Roche Diagnostics) as described previously (37) . mRNA levels were normalized to ribosomal protein large subunit (RPL) mRNA, and the relative mRNA levels were determined by using the 2 Ϫ⌬⌬Ct method. The primer sequences are listed in supplemental Table S1 .
DNA Extraction and Determination of Mitochondrial Mass-DNA was isolated by Wizard SV Genomic DNA purification kit (Promega). qPCR was performed in triplicate by using validated qPCR primers (Blast), Ex TAq qPCR Premix (Lonza Sales), and the Roche real time PCR LightCycler II (Roche Applied Science) as described previously (38) . mtDNA content was assayed by analyzing D-loop levels (noncoding mtDNA region). D-loop was normalized to genomic RPL, and the relative levels were determined by using the 2 Ϫ⌬⌬Ct method. The primers sequences are listed in supplemental Table S1 . Alternatively, mitochondrial mass was detected by cytofluorimetric analysis after incubation of cells with 100 nM Mito Tracker Red for 30 min.
Chromatin Immunoprecipitation Assay-ChIP was carried out as described previously (39) . Briefly, samples were precleared with preadsorbed salmon sperm protein A/G-agarose beads (1 h, 4°C), and immunoprecipitated overnight using anti-CREB or control IgG antibody. After de-cross-linking (1% SDS at 65°C for 3 h), qPCR was used to quantify the promoter binding with 30 cycles total (95°C for 1 s, 60°C for 30 s, and 72°C for 60 s). The results are expressed as fold enrichment with respect to IgG control or as percentages of input (1%) values. The primers used are reported in supplemental Table S1 .
Oligonucleotide Pulldown Assay-GSNO was added to purified nuclei at a concentration of 5 mM at 4°C for 30 min in NLB. After treatment, oligonucleotide pulldown assay was carried out as described previously (40) by using the cAMP response element sequence on the mouse PGC-1␣ gene (ppargc1a) promoter (supplemental Table S1 ). Oligonucleotide pulldown specificity was demonstrated with mutant oligonucleotides used as negative controls (data not shown).
Biotin Switch Assay-Biotin switch assay was performed as described previously (41) . Briefly, proteins were subjected to S-NO derivatization by incubation in the presence of ascorbate, which reduces S-NO groups. The same sample incubated in the presence of biotin without ascorbate was used as negative control. After protein separation by nonreducing SDS-PAGE and Western blot, biotinylated proteins were detected by incubation of nitrocellulose membrane with HRP-conjugated streptavidin (1:1,000). Protein concentration was determined by the method of Lowry et al. (42) .
Statistical Analysis-The results are presented as means Ϯ S.D. Statistical evaluation was conducted by analysis of variance, followed by the post-Student-Newmann-Keul's test. Differences were considered to be significant at p Ͻ 0.05.
RESULTS

nNOS PDZ Domain Is Essential for Inducing Mitochondrial
Biogenesis-NOSs are master regulators of mitochondrial biogenesis (22, 43) ; however, the exact role of the splicing isoforms of nNOS in such a process remains to be elucidated. To this end, we transfected C2C12 myoblasts with either fl-nNOS (or nNOS␣) or nNOS lacking the PDZ domain (⌬nNOS, or nNOS␤) ( Fig. 1A) . NO production was similarly increased with respect to control cells (mock), as assessed by measuring NO oxidation products (nitrites and nitrates, NO x ) in culture medium ( Fig. 1B ) and the extent of S-nitrosylated proteins by biotin switch assay (Fig. 1C ). These results confirmed our previous evidence that the lack of PDZ domain does not influence nNOS activity (13) . We then analyzed the expression of genes implicated in mitochondrial biogenesis. mRNA of PGC-1␣ was increased ( Fig. 2A ) as well as mRNA of its downstream mitochondrial genes (i.e., TFAM, TFBM1, MtCO1) ( Fig. 2, B-D) . Coherently, an enhanced mitochondrial mass was observed only in fl-nNOS cells, as assessed by the qPCR analysis of mtDNA content ( Fig. 2E ) and by cytofluorimetric analysis using the mitochondrial specific probe MitoTracker Red (Fig. 2F ). The NOS inhibitor L-NAME efficiently restrained fl-nNOSmediated mitochondrial biogenesis. Indeed, L-NAME was able to inhibit the increase of mRNA of PGC-1␣ ( Fig. 2A ) and its downstream targets (Fig. 2 , B-D) as well as mitochondrial mass (Fig. 2, E and F) . NO can induce mitochondrial biogenesis via a NO/cGMP-dependent pathway (18) . The use of sGC inhibitors such as LY83583 and ODQ was not able to reduce the fl-nNOSmediated increase of mitochondrial biogenesis (Fig. 2, A-E) . The same results were obtained by analyzing the PGC-1␣ and TFAM protein levels ( Fig. 2G and supplemental Fig. S1, A and B) . To demonstrate that PGC-1␣ is the crucial mediator of the expression of mitochondrial proteins in fl-nNOS cells, we co-transfected fl-nNOS cells with a siRNA against PGC-1␣ (PGC-1␣Ϫ). As reported in supplemental Fig. S2A , TFAM level was not enhanced in fl-nNOS cells in which PGC-1␣ was down-regulated (fl-nNOS/PGC-1␣Ϫ), confirming its role in fl-nNOS-mediated mitochondrial biogenesis.
To test whether fl-nNOS effects could depend on cell type or be of more general application, we transfected fl-nNOS or ⌬nNOS in HeLa cells (Fig. 3A) . Even though the NO produc-tion was equally increased in fl-nNOS and ⌬nNOS with respect to mock cells ( Fig. 3B ), we found that only fl-nNOS was able to induce PGC-1␣ and its downstream mitochondrial genes. Indeed, mRNA expression of PGC-1␣, TFAM, and TFBM1 was found to be increased, and, coherently, L-NAME, but not sGC inhibition, efficiently abrogated this event ( Fig. 3 , C-E).
Nuclear Recruitment of nNOS Promotes PGC-1␣ Expression via S-Nitrosylation of CREB in C2C12 Cells-The results obtained indicated that the induction of mitochondrial biogenesis could proceed via a transduction pathway involving protein S-nitrosylation. We previously demonstrated that the presence of PDZ domain is mandatory for nNOS localization at the nuclei of neuronal cells (13) . Western blot analysis of nNOS carried out on nuclear fraction showed that only fl-nNOS was able to localize in the nuclei of C2C12 cells (Fig. 4A ). fl-nNOS cells exhibited a higher extent of protein S-nitrosylation in nuclei with respect to ⌬nNOS cells, which show S-nitrosylation level comparable to that of mock cells (Fig. 4B) .
Among the transcription factors that are implicated in PGC-1␣ induction and in mitochondrial biogenesis, CREB is included (44) . Moreover, the DNA binding activity of CREB can be regulated by S-nitrosylation (45) . Fig. 4C shows that fl-nNOS but not ⌬nNOS was able to impinge CREB up-regulation, and L-NAME significantly abrogated this event. The sGC inhibitors did not prevent CREB up-regulation in fl-nNOS cells, confirming that NO/cGMP was not involved (Fig. 4C ). Fig. 4D (left  panel) shows that fl-nNOS cells have also increased levels of S-nitrosylated CREB (CREB-SNO). Conversely, ⌬nNOS cells did not display increased levels of CREB-SNO. However, the CREB-SNO/CREB ratio was not enhanced in fl-nNOS cells with respect to ⌬nNOS and mock cells (Fig. 4D, right panel) , suggesting that the increase in CREB-SNO is due to the rise of total CREB. To investigate whether the up-regulation of CREB FIGURE 1. Effect of fl-nNOS overexpression in C2C12 cells. C2C12 cells were transiently transfected with pcDNA3.1 vector containing cDNA coding for full-length rat nNOS (fl-nNOS or nNOS␣) or rat nNOS lacking the PDZ domain (⌬nNOS or nNOS␤) or with empty vector (mock). A, after 24 h from transfection, 20 g of total protein extracts were loaded for detection of nNOS by Western blot using an antibody directed against the nNOS C terminus. Tubulin was used as loading control. B, the activity of nNOS was determined by measuring the total amount of nitrites plus nitrates (NO x ) released in the culture medium. The data are reported as mol/mg protein and expressed as means Ϯ S.D. (n ϭ 5; *, p Ͻ 0.001 versus mock). C, total proteins extracts (500 g) were subjected to S-NO derivatization with biotin. After Western blot, biotin adducts were identified by incubating nitrocellulose membrane with HRP conjugate streptavidin. Proteins incubated in labeling buffer without ascorbate were used as negative control (Ϫ Ascorbate). Tubulin was used as loading control. Immunoblots reported are representative of at least four experiments that gave similar results.
was associated with its increased binding activity on PGC-1␣ promoter, ChIP assay was carried out on nuclei isolated from fl-nNOS and ⌬nNOS cells. We observed that in fl-nNOS cells the occupancy of CREB on consensus sequence located on PGC-1␣ promoter was significantly higher than ⌬nNOS and mock cells (Fig. 4E) . Consistent with the positive role of NO in regulating PGC-1␣ expression, the binding activity of CREB was efficiently reduced by L-NAME treatment (Fig. 4E) . To test whether S-nitrosylation could be functional in enhancing CREB binding activity, we treated isolated nuclei with the NO donor GSNO, and we performed an oligonucleotide pulldown assay by using biotinylated oligonucleotides corresponding to CREB consensus sequence on PGC-1␣ promoter. Fig. 4F shows that the amount of CREB able to bind to DNA was markedly higher in GSNO-treated nuclei, implying that CREB S-nitrosylation is involved in impinging PGC-1␣ expression.
␣-Syntrophin Is Implicated in nNOS Recruitment to Nuclei-␣-Syntrophin, which is a known interactor of nNOS at the sarcolemma (6) , was found in the nuclear compartment of HeLa cells, and at this level it is part of the nuclear Dystrophin complex together with nNOS (46) . Interestingly, ␣-Syntrophin was also localized in nuclei of C2C12 cells (55) . With all this in mind, we asked whether ␣-Syntrophin was really present in nuclei of C2C12 cells and involved in nNOS nuclear engage- ment. To this end, we analyzed nNOS localization in fl-nNOS cells after ␣-Syntrophin down-regulation through RNAi (syntϪ cells). ␣-Syntrophin was significantly down-regulated because its content was decreased both in total ( Fig. 5A ) and nuclear extracts (Fig. 5B ). Under this condition, although no differences in nNOS expression were observed (supplemental Fig. S2B ), fl-nNOS recruitment to nuclei was less efficient (Fig.  5B ), and this event caused a significant reduction of the expression of PGC-1␣, TFAM, MtCo1, and TFBM1 ( Fig. 5, C-F) , as well as of mtDNA content (Fig. 5G) , indicating that ␣-Syntrophin plays a critical role in the induction of NO-mediated mitochondrial biogenesis. The same results were obtained by analyzing the protein level of PGC-1␣ and TFAM ( Fig. 5H and supplemental Fig. S2B ).
␣-Syntrophin-mediated nNOS Recruitment to Nuclei Is Mandatory for the Induction of Mitochondrial Biogenesis during
Myocytes Differentiation-Cell differentiation including myogenesis is accompanied by mitochondrial biogenesis (47) . Thus, we asked whether nNOS could undergo nuclear redistribution during myocytes differentiation. To this end, myogenesis was induced in C2C12 cells, and mitochondrial biogenesis, as well as nNOS expression and localization, was analyzed at different times of differentiation. Mitochondrial biogenesis was effec-tive, because an accumulation of PGC-1␣ and TFAM protein (Fig. 6, A and B) , together with an enhancement of mitochondrial mass (Fig. 6B ), was detected in differentiating myocytes, with an extent comparable to that reported in the literature (48) . Interestingly, nNOS content did not change in total extracts ( Fig. 6C ) and in the cytoplasm, whereas it significantly increased in nuclear compartment (Fig. 6C ), suggesting its intracellular redistribution during differentiation. Differentiation was associated with a modest increase of S-nitrosylated proteins in total extracts (Fig. 6D) , whereas S-nitrosylated proteins more clearly increased in nuclei (Fig. 6E) .
Western blot analysis of ␣-Syntrophin in cellular fractions showed that it was increased upon differentiation in both total and nuclei ( Fig. 6C ). According to its plasma and nuclear membrane localization, ␣-Syntrophin was undetectable in the cytoplasm (Fig. 6C) . We then analyzed nNOS localization during myocytes differentiation after ␣-Syntrophin down-regulation through RNAi. ␣-Syntrophin was significantly down-regulated because its content was decreased both in total ( Fig. 7A) and nuclear extracts (Fig. 7B) . ␣-Syntrophin down-regulation did not affect the total content of nNOS (Fig. 7A) ; on the contrary, nNOS was no more able to be recruited to nuclei during differentiation (Fig. 7C ), and this event was associated with Fig. 1. A, after 24 h from transfection, 20 g of nuclear protein extracts were loaded for detection of nNOS by Western blot using an antibody directed against nNOS C terminus. Sp1 was used as loading control. The possible presence of cytoplasmic contaminants was tested by incubating nitrocellulose with rabbit anti-LDH. B, after 24 h from transfection, the nuclear proteins (500 g) were subjected to S-NO derivatization with biotin. After Western blot, biotin adducts were identified by incubating nitrocellulose membrane with HRP conjugate streptavidin. Proteins incubated in labeling buffer without ascorbate were used as negative control (Ϫ Ascorbate). Sp1 was used as loading control. C, after transfection, cells were treated with L-NAME (100 M), LY83583 (2 M), or ODQ (10 M) for 24 h. 20 g of total protein extracts were loaded for detection of CREB by Western blot. Tubulin was used as loading control. D, after 24 h from transfection, the nuclear proteins (500 g) were subjected to S-NO derivatization with biotin. After Western blot, the nitrocellulose was incubated with CREB antibody for detection of CREB-SNO. 20 g of nuclear extracts were used also for detection of CREB by Western blot. Sp1 was used as loading control. The possible presence of nuclear contaminants was tested by incubating nitrocellulose with rabbit anti-LDH. The level of S-nitrosylated CREB (CREB-SNO) was quantified by densitometric analysis (right panel). The data are expressed as CREB-SNO/CREB (n ϭ 3). E, ChIP assay was carried out on cross-linked nuclei from mock, fl-nNOS, and ⌬nNOS cells, using CREB antibody followed by qPCR analysis of cAMP response element. The data are expressed as means Ϯ S.D. (n ϭ 3; *, p Ͻ 0.001 versus mock;°, p Ͻ 0.05 versus untreated fl-nNOS). F, intact nuclei of C2C12 cells were incubated with 5 mM GSNO at 4°C for 30 min. Nuclear protein extracts (500 g) were subjected to oligonucleotide pulldown by using the biotinylated oligonucleotide representing the cAMP response element on the PGC-1␣ promoter, and bound CREB was detected by Western blot. 20 g of nuclear proteins (input) was used for Western blot analysis of Sp1. Immunoblots reported are representative of at least four experiments that gave similar results.
. fl-nNOS nuclear localization promotes CREB S-nitrosylation and its increased binding to PGC-1␣ promoter in C2C12 cells. C2C12 cells were transiently transfected as reported in
an inhibition of S-nitrosylation of nuclear proteins (Fig. 7D ). During differentiation, CREB binding of PGC-1␣ promoter was increased, and the down-regulation of ␣-Syntrophin efficiently restrained this event (Fig. 7E) . Differentiating C2C12 cells lacking ␣-Syntrophin failed in inducing mitochondrial biogenesis. Indeed, PGC-1␣ as well as TFAM pro- tein were not increased after the differentiation stimulus ( Fig. 7, F-H) .
To assess the role of nNOS/␣-Syntrophin-mediated mitochondrial biogenesis in myocyte differentiation, we checked the level of differentiation markers MyoD, myogenin, and muscle creatine kinase. Fig. 8 (A-C) shows that their mRNAs were increased in cells carrying ␣-Syntrophin; on the contrary, syntϪ cells failed to increase such markers, indicating defective myocytes differentiation. Indeed, syntϪ cells were not able to acquire the morphological features typical of myocytes undergoing differentiation but rather appeared nonfused and disordered (Fig. 8D ). Next, by analyzing the level of atrophy markers atrogin 1 and Murf-1, we found a significant increase of their expression in both undifferentiated and differentiated syntϪ cells (Fig. 8, E and F) , implying the occurrence of a degenerative process upon ␣-Syntrophin deficiency.
DISCUSSION
NO diffusion is limited by its interaction with different molecules within the cells, and therefore the subcellular location(s) of the NOS isoforms affect NO diffusion. Compelling evidence showed that NO can be produced at the nuclear level, because many factors involved in nNOS activity (e.g., subunits of the soluble guanylate cyclase, calmodulin, tetrahydrobiopterin synthetic enzymes) have been detected in nuclei (49 -51) . This evidence strongly suggests that direct nuclear production of NO could be implicated in transcriptional regulation. Notwithstanding, until now the role of nNOS in the proximity of the nucleus was still obscure. Here, we gave proof of the involvement of the PDZ in targeting the activity of nNOS directly in the nucleus, thus favoring the NO-dependent transcription of mitochondrial genes. Even though nNOS has been found localized in the nucleus of different cell lines also including neuroblastoma SH-SY5Y (13) and primary HUVEC endothelial cells (52) , to our knowledge no data are available regarding the localization of nNOS in nuclei of myocytes. In this work we observed that nNOS resides in nuclei of C2C12 cells. Moreover, in line with what we previously observed in neuroblastoma cells (13) , the nNOS isoform lacking the PDZ domain (nNOS␤) cannot be targeted to the nuclei of myocytes.
The S-nitrosylation of nuclear proteins, including NO-sensitive transcription factors, have been predominantly ascribed to the trans-S-nitrosylation activity of GAPDH (53) . In this work, we demonstrated that NO can S-nitrosylate nuclear proteins only when it is produced in the nucleus. To do so, nNOS is recruited to the nuclear compartment thanks to its PDZ domain and therein orchestrates the signaling cascade culminating in the induction of mitochondrial biogenesis. In particular, our data suggest that NO derived from nuclear nNOS is the genuine mediator of post-translational modification of CREB, which in turn is implicated in the induction of mitochondrial biogenesis. Actually, CREB-SNO is higher in cells expressing nNOS␣ splicing variant, and such CREB modification is associated with its heightened binding capacity to PGC-1␣ promoter with consequent increased PGC-1␣ expression. Interestingly, here we give evidence of the functional role of S-nitrosylation in CREB activation that is frequently linked to NO/cGMP/PKA-dependent phosphorylation at the cytosolic level (54, 55) . The fact that sGC inhibitors do not dampen fl-nNOS-mediated effects suggests that such a phosphorylation axis is not involved in CREB modulation. It is more likely that CREB activity is directly regulated by nuclear NO flux via its S-nitrosylation. Indeed, in-batch treatment of isolated nuclei with the NO donor GSNO significantly increases the binding capacity of CREB on its consensus sequence. A family of CREB co-activators has been identified, that is, TORCs (transducers of regulated CREB activity). Interestingly, TORCs induce PGC-1␣ transcription and mitochondrial biogenesis in muscle cells (56) , thus our data highlight the possibility that also TORCs can be S-nitrosylated and contribute to activate CREB. This issue is currently under investigation in our laboratory.
␣-Syntrophin has been predominantly found in the sarcolemma of skeletal muscle cells in association with Dystrophin. nNOS is a component of such a membrane complex and at the . C, 20 g of nuclear, cytoplasmic, and total protein extracts were loaded for detection of nNOS (using N terminus antibody) and ␣-Syntrophin by Western blot. Sp1 and LDH were used for assaying the purity of fractions and/or as loading controls. D and E, 500 g of total (D) and nuclear (E) protein extracts were subjected to S-NO derivatization with biotin. After Western blot, biotin adducts were identified by incubating nitrocellulose membrane with HRP conjugate streptavidin. ␤-Tubulin and Sp1 were used as loading controls. Immunoblots reported are representative of at least four experiments that gave similar results. sarcolemma level is functional in regulating blood flow (32) . However, ␣-Syntrophin and Dystrophin have been also observed in the inner nuclear membrane of cultured myocytes, and its level increases during myogenesis in nuclei (57, 58) . Interestingly, nNOS␣ has been revealed in the nuclear membrane of HeLa cells in association with Dystrophin and ␣-Syntrophin (46) . We have demonstrated that nNOS was no more able to be translocated in the nucleus when ␣-Syntrophin was down-regulated. Taking into account that PDZ of nNOS is the functional domain in the interaction with ␣-Syntrophin at the plasma membrane (32), overall our data corroborate the assumption that such a domain is pivotal for the interaction of nNOS with ␣-Syntrophin also at the nuclear envelope. Another interesting finding of our work is that during myogenesis, which is notably accompanied by mitochondrial biogenesis, the rate of nuclear nNOS protein and activity localized at the nucleus is increased. Similarly, also ␣-Syntrophin progressively accumulates in the nucleus, and its down-regulation dramatically affects nNOS nuclear recruitment as well as nuclear S-nitrosylation normally occurring during differentiation. On the basis of this evidence, it is likely that ␣-Syntrophin is the main carrier of nNOS toward nuclei and the upstream mediator of NO signaling cascade culminating in mitochondrial biogenesis ( Fig. 9) . Notably, Dystrophin complex, which includes ␣-Syn-FIGURE 7. ␣-Syntrophin down-regulation impairs mitochondrial biogenesis during C2C12 differentiation. C2C12 cells were transiently transfected with ␣-Syntrophin siRNA (syntϪ) or with a scramble siRNA (scr). A, 20 g of total protein extracts were loaded for detection of nNOS (an antibody directed against nNOS N terminus was used) and ␣-Syntrophin by Western blot. Tubulin was used as loading control. B, 20 g of nuclear protein extracts were loaded for detection of ␣-Syntrophin by Western blot. Sp1 was used as loading control. C, 20 g of nuclear protein extracts were loaded for detection of nNOS by Western blot using N terminus antibody. Sp1 was used as loading control. D, nuclear proteins (500 g) were subjected to S-NO derivatization with biotin. After Western blot, biotin adducts were identified by incubating nitrocellulose membrane with HRP conjugate streptavidin. Sp1 was used as loading control. E, ChIP assay was carried out on cross-linked nuclei from scr and syntϪ cells, using CREB antibody followed by qPCR analysis of cAMP response element. The data are expressed as means Ϯ S.D. (n ϭ 5; *, p Ͻ 0.001 versus scr day 0;°, p Ͻ 0.001 versus scr day 4). F, 20 g of total protein extracts were loaded for detection of PGC-1␣ and TFAM by Western blot. ␤-Tubulin was used as loading control. G and H, the increase of PGC-1␣ (G) and TFAM (H) was quantified by densitometric analysis. The data are expressed as PGC-1␣/Tubulin and TFAM/Tubulin (n ϭ 4; *, p Ͻ 0.001 versus scr day 0;°, p Ͻ 0.001 versus scr day 4). Immunoblots reported are representative of at least four experiments that gave similar results. trophin, represents a crucial scaffold of signaling proteins at the plasma membrane of myocytes, among which nNOS is included (59, 60) . Here we give evidence of the involvement of ␣-Syntrophin in driving the NO flux up to the nucleus favoring local S-nitrosylation and initiation of CREB/PGC-1␣-dependent mitochondrial biogenesis also during myogenesis. It is worth mentioning that the nNOS variant we detected in the nuclei of untransfected C2C12 cells under basal condition or upon differentiation most likely is nNOS, because skeletal muscle cells do not express nNOS␣ (31) . Moreover, an antibody directed against the N-terminal region of nNOS, where PDZ is located, was used; thus, we evaluated neither the behavior of nNOS␤ during differentiation nor that after overexpression in C2C12 cells. Given the proven role of nNOS␤ in skeletal muscle cells in regulating microtubule cytoskeleton integrity (31) , studies are ongoing in our laboratory to investigate this issue.
It is largely known that reduction of mitochondrial mass contributes to exercise intolerance, inflammation, and degeneration typical of skeletal muscle wasting and atrophy (61) (62) (63) . Interestingly we have shown that the failure of mitochondrial biogenesis upon ␣-Syntrophin down-regulation is associated with increased marker of myotube degeneration. In contrast, ␣-Syntrophin knock-out mice do not show any effect of myopathy or skeletal muscle degeneration and have unchanged contractile function in vitro (64, 65) . However, no information is available about the age of the knock-out mice used for these studies (64, 65) . Conceivably, such mice could develop myopathy later in the adulthood. In addition, there are no data regarding muscle oxidative capacity and the effect of exercise on degeneration markers in such ␣-Syntrophin knock-out mice. Thus, it is possible to postulate that ␣-Syntrophin, by impinging myogenesis and mitochondrial biogenesis, could be implicated in skeletal muscle regeneration. Our findings could be helpful for the comprehension of the molecular mechanism underlying Duchenne's muscular dystrophy as well as other human myopathies that have been associated with the loss of sarcolemmal nNOS (66, 67) and defective mitochondrial biogenesis (68) . It can be postulated that in addition to nNOS localization to sarcolemma, the lack of Dystrophin complex in Duchenne's muscular dystrophy may affect nNOS distribution to the nucleus, thus dramatically inhibiting PGC-1␣ expression and mitochondrial biogenesis and finally triggering the atrophy process. Accordingly, PGC-1␣ gene transfer efficiently recovers the lower mitochondrial biomass and oxidative capacity and ameliorates disease parameters, including muscle histology, running performance, and plasma creatine kinase levels in the mouse model of Duchenne's myopathy (69, 70) . Similarly, treatments with NO donors favor mitochondrial biogenesis and myogenesis and restore oxidative capacity in affected myocytes (71, 72). In conclusion, our results show that nNOS is anchored via the PDZ domain also at the Dystrophin-Syntrophin complex sited at the nuclear envelope of myocytes (58) , and this event is mandatory for the NO/CREB/PGC-1␣-driven mitochondrial biogenesis. On the basis of our results, it is conceivable that the lack of nNOS anchoring to the nucleus may contribute to myopathy because of impaired mitochondrial biogenesis. Thus, control of nNOS splicing in skeletal muscle could represent a novel avenue to prevent or treat myopathies. We hope that continuing research into the roles of nNOS splicing variants and NO in mitochondrial biogenesis will lead to a greater understanding of pathological mechanisms involved in myopathies that can ultimately be exploited therapeutically.
